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Purpose 
 
The purpose of this project is to develop a robust scientific and technological framework 

for the design of high-strength and -ductility nanocrystalline materials for applications of 

technical importance to the Laboratory. The project couples theory and experiments with 

an emphasis on materials of macroscopic dimensions (mm to cm) that are composed of 

nanoscale (<100 nm) grains. There are four major tasks: (1) synthesize nanocrystalline 

materials with grain size in the 5- to 100-nm range; (2) conduct experimental studies to 

probe mechanisms of mechanical deformation and failure; (3) use large-scale simulation 

modeling technologies to provide insight to deformation mechanisms that may not be 

observable experimentally; and (4) check the results obtained from modeling, comparing 

experimental observations with results obtained from atomistic and dislocation-based 

simulations. 

 

This project supports efforts within the Stockpile Stewardship Program (SSP) to 

understand and predict properties of metals such as strength and ductility. 

 

Activities  

 

Experiments 

We synthesized nanocrystalline nickel using electrodeposition method, as shown in a 

typical high-resolution transmission electron image in Fig. 1.   The abrasion resistance of 

electrodeposited nanocrystalline nickel was subsequently investigated using the nano-

scratch technique with a ramping load.  At the finest grain sizes studied (12-14 nm), a 
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breakdown in Hall-Petch hardening is observed directly in hardness data, as shown in 

Fig. 2.  The data indicate the breakdown occurs at a grain size of about 14 nm.  The 

changes in abrasive wear behavior are quantitatively commensurate with the changes in 

hardness, despite the apparent transition in deformation mechanisms at the finest grain 

sizes.  We therefore demonstrated unequivocally the breakdown of the classical Hall-

Petch relationship in nickel with grain sizes in the nm scale.   

It is recognized that pure metals with grain sizes below about 10 nm are very difficult to 

prepare, however, alloying enables the realization of finer grain sizes, often down to the 

amorphous limit.  In our project, the role of solid solution additions of ~13 at% W to 

nanocrystalline Ni was considered for electrodeposited alloys with grain sizes below 10 

nm.  We analyzed the structure of the nanocrystalline alloys using high-resolution 

transmission electron microscopy, and related to the mechanical properties assessed by 

instrumented nanoindentation and nano-scratch experiments.  The Ni-W alloys exhibit 

higher hardness and scratch resistance as compared to the finest pure nanocrystalline Ni 

alloys, although the contribution of solid solution strengthening from W is expected to be 

essentially negligible; this is shown in Fig. 3.  The improved properties are therefore 

attributable to the finer length scale available in multicomponent nanocrystalline alloys, 

and suggest that alloying may suppress the breakdown of Hall-Petch strengthening to 

finer grain sizes.  Finally, our data are shown to smoothly bridge the hardness-grain size 

trend between nanocrystalline Ni (grain size > 10 nm) and amorphous Ni-based alloys.   

 

Simulations 

We studied two aspects: effect of variation of type of grain boundary on deformation and 

strength asymmetry.  In the case of type of grain boundary, we performed molecular 

dynamics simulations and found significant differences in the deformation mechanisms 

of nanocrystalline nickel with low and high angle boundaries. For the case studied with 

average grain size of 12 nm, low angle boundaries present enhanced dislocation activity 

and reduced strength with respect to high angle boundaries for low strains. In the latter 

most of the deformation is accommodated at the grain boundaries with limited dislocation 

activity, while in the case of low angle boundaries most of the displacements observed 
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are associated with the motion of partial dislocations nucleated at the grain boundaries.  

These results are summarized in Fig. 4.   

In the case of strength asymmetry, we use static molecular simulations to explore 

asymmetries in the plastic flow of idealized nanocrystalline nickel.  We found that both 

the yield and flow stresses of these materials are higher in compression than in tension, as 

shown in Fig. 5.  This result indicates that the finest nanocrystalline metals require some 

pressure or normal stress dependent term in their global yield criterion.  Specifically, one 

could consider the classical Mohr-Coulomb criterion for the finest nanocrystalline metals, 

instead of the conventional von Mises criterion.  Our results also support an analogy 

between the deformation mechanisms in the finest nanocrystalline metals and those in 

amorphous metals, which give rise to tension/compression asymmetry.   

 

Technical outcomes 

This project results in the installation of an advanced electrodeposition facility in house.  

Use this facility, we successfully developed the capability of producing nanocrystalline 

metals, such as nickel, nickel-tungsten alloy and copper.  This unit is readily to modify to 

produce structures of importance to the lab.  We not only gained experiences in 

producing nanocrystalline metals but also developed a better understanding of the 

physical/mechanical behavior of nanocrystalline metals.  The knowledge can be 

transferable to DOE projects.   
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Figure 1  Transmission electron micrographs of electrodeposited nanocrystalline nickel, 

showing nanoscale grains and the majority of grain boundaries are high-angle. 
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Figure 2: Hall-Petch plot of hardness against the inverse square-root of grain size.  The 
present results are compared with literature, who used electrodeposition to 
produce nickel specimens.   
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Figure 3.  Hall-Petch plot showing the measured hardness of the Ni-W foils as a function 
of the inverse square-root of grain size.  For comparison purposes, data for 

electrodeposited nickel from literature are also shown.   
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Figure 4: Number of HCP atoms as a function of strain for low angle boundaries (full 
line) and high angle boundaries (dashed line). 
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Figure 5:  Uniaxial stress-strain (σ−ε) curves of (a) 2 nm, (b) 3 nm, and (c) 4 nm grain 
size nickel specimens in both tension and compression; views of the structures are also 
shown, with the grain boundary atoms highlighted for clarity.  The curves shown here are 
for loading along the y-axis. 
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